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* Motivation (directed flow)
* Electromagnetic field effects in HIC
 STAR detector and event plane reconstruction
* Results of charge dependent directed flow (Av1)
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e Summary and outlook



Collective flow
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Observables

&N 1 d*N .
E— = ( 1 + 2 2v,cos n(¢ — ‘PEP)> * V1 : Dlrleclted flow
dp® 27 prdprdy e v5 : Elliptic flow

e v3 : Triangular flow

Flow coefficients are sensitive to:
initial/final state properties of the medium, EoS and degrees of freedom
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Directed flow in heavy ion collisions

vy ~ (cos(¢ — Yg))

Hydro: Net-baryon v

1di ! | H. Stoecker, -
Rapldlty (y) \*\ NucT. Phys. A 750, 121 (2005).
\\ \
0.1 | ) -
x-z plane 3 % ) ks
ARE
g O— l‘ O’
T \\ l net-baryon
|
e Directed flow is the sideward collective motion \/ * Ty
of the produced particles within the reaction 10 | 10°
Vs (GeV)
plane (x-z plane)
* Directed flow developed early in the collisions * EoS without 1st order PT
: Monotonic energy dependence
around time scale 2R/y ~ 0.1 fm/c 9y EeP
* Probe of early stage of collisions
"  EoS with 1st order PT
Sensitive to the pressure Non-Monotonic energy dependence,
Sensitive to the EoS dip in dv4/dy




QCD matter under extreme conditions

L4 4B In non-central heavy-ion collisions

Pl e Initial rapid rotation ( w ~ 1021 s-1)

e Initial strong magnetic field (B~ 1018 Gauss)

B o5 V)
Participants o ” ‘* :
Spe;tators L
$ U Earth’s geomagnetic Neutron star ~ 1014 G

10% |

field ~0.5 G

10t |

100

e Ultra strong magnetic field can give rise wide range of exciting

phenomena with applications in cosmology, neutron star and HIC
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QCD matter under extreme conditions

L4 4B In non-central heavy-ion collisions

P e Initial rapid rotation ( @ ~ 1021 s-1)

e Initial strong magnetic field (B~ 1018 Gauss)

Participants +9=%° T | Heavy-ion collisions: New frontier research
R
i Controlled experiment to study QCD ' to understand
medium under rapid rotation and The properties of QCD
electro-magnetic field medium
Expected phase diagram - - —
Resto;:goci'l;;’r;ael ’::"r;wtmelry, . B Ass W7 3 WF A B c] A
~ 5 A : 4 5 =
Quark-Gluon @ ion D, @ . .\“I . P
Plasma ,E i c=\m-=a\f_“:‘_ . Br::nl;,e'n chiral < ) BT 5 aP ¢!
a Decon;m.: ZZconle‘i:rment ® : ) * Ry I';
Superconductor ,E’ § (ransition LN : £)
Phases Y D oy
Broken chiral symmetry, @ ps 7 0 ps 70

Magnetic field, eB

Impact on QCD phase Impact on QCD vacuum and its topology
transition, chiral symmetry restoration (Chiral Magnetic Effect)



Electromagnetic effects in HIC

n<0, vi>0 n<0, vi<0

Total Dyected Flow

Total Pirected Flow

n>0, v¢>0 Yz n>0, vi<0

Gursoy et al, PRC 89, 054905 (2014)

Observable

vy ~ (cos(¢p — Pp))
Av, ~ v (h™) — v (h™)

(sensitive to EM effects)

The moving spectators can produce enormously large B field
(eB ~1018 ()
There could be three competitive effects

Hall effect: F =qv x B

Lorentz force exerts a sideways push on charged particles
In opposite directions for opposite particles

(along -ve X-direction in +ve rapidity and vice-versa)

0B
Faraday effect: V X E=—>-

Time dependent B field generates a large E field
Induced Faraday current will oppose the drift due to B field

Coulomb effect:
Coulomb field of the charged spectators

 Imprints of EM field effects

 Hall: positive Ay,

e Faraday: negative Ay,

e Coulomb: negative Ay,




STAR detector

Inner Time Projection Chamber

Event Plane Detector

. Time of Flight / //

Zero Degree
Calorimeter

Time Projection Chamber
ek~

Uniform acceptance, full azimuthal
coverage, excellent PID capability
» e TPC: tracking, centrality and event plane
Heavy Flavor Tracker e EPD, ZDC, BBC: event plane
(2014-2016) ey
e TPC+TOF: particle identification




Event plane reconstruction

top-RHIC energy: ZDC-SMD |n|>6.4:

BES-II (7.7 - 27 GeV): EPD 2.1<|n

g ZPC-SMD regolution
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N (cos(¢p — Yip))
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EP — resolution

v1 signal is significant at forward rapidity
Better {1 resolution than mid-rapidity detectors
Large n-gap significantly reduces

non-flow contribution

T T
10~40% Au+Au \VSNN = 19.6 GeV

STAR

UrQMD v, {RP}
UrQMD v, {EP} / -
(3+1)D Hydro / .’

nucleons T
MUFFIN crossover —

MUFFIN 1%t phase transition --- -

2 4
n

STAR: 2406.18213 (accepted in PRC)




Quark coalescence using directed flow

Test the assumption that the de-confined quarks
acquired vn, then they form hadrons:

hadron _ constituent—quarks
Vn — Vi

The origin of scaling is interpreted as an evidence for
dominance of quark degrees of freedom

anti-A\ ,f:.f.-._".-' @
anti-p uud LR
K- us ’ @ @
dq vs. qqq

10



Quark coalescence hypothesis

acquired vn, then they form hadrons:

Test the assumption that the de-confined quarks

hadron _ constituent—quarks
Vn — Vi

The origin of scaling is interpreted as an evidence for

dominance of quark degrees of freedom

m Quark content .
uds :

anti-A R ¥
anti-p uud Lty @ @
K- us
qq vs. qqq

e Using anti-particles quark coalescence sum rule:

o Holds for, /sy = 11.5 GeV

o Breaksat /sy = 7.7 GeV

111
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STAR: PRL 112, 162301 (2014)
PRL 120, 062301 (2018)

Quark coalescence hypothesis holds over a

broad range of energies




Electromagnetic field in UPC

Ultra Peripheral Collisions (UPC)

vc 1H0—————————— 1]
"STAR 045<M,<076GeV,P <0.1GeV -
1200:_ 1" Au+Au UPC 1!‘ Au+Au 60%-80% x 0.65 _:
b - 1000‘_— Fit: Cx( 1 +A2A¢cos 2A¢+A4A¢cos 4A0) +t10
8 E +_ | l E
e Charged nuclei produce highly £ oo -
v~c Lorentz contracted EM field £ 600 e o R -
= - | v
8 400 i = -
B o Cross-sections for yy — e¥e” 200471 -
= . N Polarized te Without Polarization : 7]
E are related to EM field strength o P T
. . = =uusS Chi R
and configuration  w--:SuperChie, ., . . .,
0 L T
2 A¢ = ¢ee - q)e
eB, [fm2] STAR, PRL 127, 052302 (2021)
y
1
0.1 e Observed large cos(4A¢) modulation
0.01} * Features consistent with strong EM field
0.001}
ol e No QGP medium
5L . .
o B field in vacuum
7 [fm]
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Electric field in asymmetric collision system

Inclusive charged particles

() spectator-proton Cu+Au b=6fm
spectator-neutron

participants

-0.02

-0.04

-0.06

0.005

Av,
o

-0.005

10-40% centrality

PHSD+EF
L w Cu+Au n|<2
- STAR n|<1 - —7" T
~ Cu+Au xh* #h *
— Au+Au eh™ oh %r
| Cu+Au syst. uncert. :L:
[ (p,-uncorr.) %
| e h (pT-uncorr.) |
- ] h* (EIP) | | L
L PR T T L1 I ﬁ
- (b) I
e Cu+Au % H

STAR, PRL 118, 012301 (2017)

In asymmetric collision system — in-plane E field (Coulomb effect)

e Av, in Cu+Au qualitatively agrees with expectation

Can constrain electrical conductivity of the medium
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Charm hadron directed flow splitting

0-1_ L L L
: LHC: Pb+Pb@2.76 TeV

0.08- b=9.5 fm, M=1.0 Charm quark
O eB" : Formation time: Tca~ 0.1 fm/c
S 0.06 — : .
CO Long relaxation time
S 0
© 0.04 " : :
G Sensitive to early time B-field

0.02 Can retain its memory

* B field in QGP

004 D? (Tic) -«-=== 7+ (ud) x 100
' coemn DO (UE) e 7 (Td) x 100

> 002 e Predicted splitting at a measurable
3 | range for charm hadrons
- 0
(3
(@)
£.0.02
= ‘ e Av, (charm quark) >> Av, (light quark)

-0.04}-

> 0 >
Rapidity (y)

Das et al, PLB 768, 260 (2017) 1 4



Observation of DO directed flow

Au+AU |5, =200 GeV, 10-80%

0 0 /— — \Y;
e D"+ D" (uc +uc)

E STAR
0.05— a K_ + K+ (US + U§)

~0.05— Drag force between the tilted bulk and the HFs
Model:(D° + D°)

—— Hydro+EM (Chatterjee et.al.)—— AMPT 4t (a)
| | | | | 2 ;
10% £ -
o) ; U © SRR i ............. Q ...................... Q Op
E 10 g:— i
o £ D° . >—2f .
- O V . charged particles ]
_4F ]
1 :|_1 """"""""" 0.5 """""""" (.) "0|5 """"""""" ‘II i A STAR ]
- - e ' _a[L [T Hydro D, D ]
Rapidity (y) o = .o P
—2 0 n 2

STAR, PRL 123, 162301 (2019)

 First observation of non zero charm v,

e vi: DO>>K
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Charge dependent DO directed flow (Av1)

Model: with electrical conductivity of QGP

Av,

o~ 0.023 fm™!
STAR
i i i STAR i_ i 0.1_"1""I'"'l""l""l'"'I""I"_
b) Au+Au 200 GeV m D°-D° (uc - uc) I + ® 0° STAR10-80% |
0.05+— A K -K (Us -us) _| : D’, STAR 10-80%
0.05 — D’ |
: o
0 -
D>,_ 0- .................................................................................
. - 6,=0.023fm"
~0.05— Model:(D° - D) — 0.05F
........ EM (Daset. al) i My, =11 _
. Hydr.c)+EM (Chaﬂe'”ee et.al) | l [ Au+Au @ RHIC 200 GeV, b=9fm, p,>1.5GeV |
—1 -0.5 0 0.5 1 OAF
Rapidity (y) -1.5 -1 -0.5 3 0.5 1 1.5
STAR, PRL 123, 162301 (2019) Oliva et al, JHEP 05, 034 (2021)

e First attempt to probe EM field effects via charm v,

e Av, were inconclusive, not enough precision to constrain QGP conductivity
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Charge dependent charm hadron directed flow

Av,

| | | STAR 0 | =5 | 0-5:_ E ALICE © 10®x v,(h’) —_:_ Pb-Pb, |5, =5.02 TeV f ‘;1((%2 —_
b) Au+Au 200 GeV m D - D (Uc-u) [ ;oo ]

0.05— a K-K'(Us-us) _ : i ; ? ]
N O . R W+---+------F------- é ------- $ --
i 5—40302 GeV/c ﬁ a _— 10-40% :
0 -0.5 ——bz;::tat'. uncert. B . 3< Pr < 6 (GeVie) —-
| boxes (fillled/empty): syst. uncert. (corr./uncolrr.) IIIIIIIII N‘l" fe‘ed*lm‘”ln C?"e(.:ted. E
0.5 l l ' -1 I l I —

-0.05— Model'(DO - E) —] I 10° x [v,(h") - v{(h)] V(D% - v ’ J.

-------- EM (Das et. al.) [ |
—— Hydro+EM (Chatterjee et.al) R S RNPOT L S S Al I i
| | | | | | B 1 ]
-1 -0.5 0 0.5 1 - 5-40% + li 10-40% |
Rapidity (y) p, > 0.2 GeVic W T 8<p; <6(Gevic) ]
—0.5[ dAv,/dn =[1.68 + 0.49 (stat) = 0.41 (syst)] - 10* —T~  dAv,/dn=[4.9 = 1.7 (stat) + 0.6 (syst)] - 10" —

—0I.5 (l) 0.15 — .—OI.SI — (l) — IO.IS —
n n

Not sufficient precision at STAR
HITICIent precist Not sufficient precision at ALICE

(Run-3 can provide good precision)

e First attempt to probe EM field effects via charm v,

e Ay, were inconclusive for both RHIC and LHC

Charm hadrons are promising probe but challenging ...
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Charge dependent light hadron directed flow

eB, [fm™?]
1 Hall dominant e |Imprints of EM field effects
0.1 B-fiold at e Hall: positive Ay,
0.01} —freeze-out _ :
nemedim * e Faraday: negative Ay,
0.001 ¢ ~ 0.023 fm™! .
’ " e Coulomb: negative Ay,
1074 ¢
107>+  Vacuum
o X 0
- ————— A | 1]
0.5 1.0 1.5 2.0
L I LI I L L L | L L | L | L | L | L | I_I

—~ 6 O ;: "~ ‘/./"‘~>T: og=0fm! :50
® [N =T T IS o= 0=10.023 fm™! o5
O i N e 1 o 2.
Cl:D 4 0 _— \\\\—’/// ——\ \ i g
Z - . RN ——0.0 3 " .
=5 0F ; \ 1 2 |e Ay, sensitive to QGP conductivity
g ) :\ / b) \\—\:__. "2.5
< 0.0‘_43) 0<pT<3GeV i % P 2] GeV _:_50

-2.0 10 00 10 20 20 -1.0 OO 10 20

Yy Yy
Gursoy et al, PRC 98, 055201 (2018) 1 8



Charge dependent light hadron directed flow

—2
eBy [fm 7] e Imprints of EM field effects
Hall dominant L
! e Hall: positive Av,
0.1 .
B-field at e Faraday: negative Ay,
001} —freeze-out
In-medium :
0001 L o~ 0023 fm™! ¢ ° COUIOmb. negatlve Avl
1074 + :
* Non-EM field effects
107>F  Vacuum
o ~0 o Transport: AvlT *= 0
. | ) \ . . ] ) . ) A | . ) —— T [fm]
0.5 1.0 1.5 2.0 .
p uud dvi  dvi _ "
p: itid dy dy
Transported quark effect: Av, # 0
Quark transportation K+ Lus (/\.l— (/\'F > ()
K™ :us d) dy
u” and “d quark.s | wt:ud A
transported from Incoming " :idd dy dy
nuclei towards mid-rapidity (#d>#u, Au neutron rich)
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Charge dependent light hadron directed flow

Naive expectation for protons: EM field + transport

A

(c) observed

.

iy A (a) transported-quark effect -y 4 (b) electromagnetic field iy
= = =
IR, v [ - IR, v
— - Dominance of Faraday+Coulomb effect —

Ql-— QI-—. Q'.—
— P -

e S’ S’
S - .= o

. L
central peripheral central peripheral

:
central Vpheml

e For protons Ay, can change sign

(if Faraday+Coulomb dominates over Hall effect)
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Light hadron directed flow v+

I v v v A I v v L] v ' ) v v T I v T v v l l T T T T I T L} T T I T T T T I T T Ll T I I L) L) ) L) I T L) L) L) ] T L) L) T l T T T T I

| (a) 200 GeV Au+Au ®p 1 (b) 200 GeV Ru+Ru and Zr+2Zr | Py (c) 27 GeV Au+Au x 0.2 |
0.005 |- 5 Op T + -+ .
I 1 @
@ e @) °
O ® | O @ O o
<o %o g0 8-y ‘ s
o O i O O O
¢ ! O ® O
¢ o
Centrality: 50-80% ® ¢ e O
-0.005 0 p, > 0.4 GeV/c, p < 2 GeV/c 1 T ® 7
1111111111]11;.11‘111--lllllllllllllllllllll--lllllllllllllllllllll
I ' ' T ' I L] ' L L I L \J Ll L] I Ll J ' L I I I 1 I I Ll 1 1 1 I 1 1 I I I Ll 1 1 1 I I Ll L I ] I I Ll ] 1 ] I 1 ] I I ] ] ] L I

0.005 - (d) 200 GeV Au+Au T (e) 200 GeV Ru+Ru and Zr+Zr " (f) 27 GeV Au+Au x 0.2 ]|

B
P V: -V
== Linear fit

o
< ol-
- Slope = 3 Slope = - _
| [-1.89 +0.35(stat.) + 0.09(syst.)] x 10 [-3.28 + 0.54(stat.) + 0.27(syst)] x 10° 1+ [S_l:gf;ma(stat-) © 0.03(syst)] x 10°
B, Y V1 ) J i ARSI EEPEREPERFE SR SRR N RS S S S S S S " S S S " " S S " —"—"i S """ S """ S —"mw
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1 -0.5 0 0.5 1
y y y

STAR, PRX 14, 011028 (2024)

« Significant splitting for proton’s Av, (> 50 significance)

(Negative Av; consistent with Faraday+Coulomb dominates over Hall effect)
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Charge dependent light quark directed flow

§ i I 1 1 1 I 1 1 1 I 1 1 1 I I 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I
< - (a) Au+Au, 200 GeV (b) Ru+Ru and Zr+Zr, 200 GeV
= I
~
~05 — _
or
-é d:h{h op 1 q} 1
T I Aaa a® I #A - I
0F o O ©- 5 ;. Q- -9 -+ %@-@ -g & & @ -Q#-Q -1
' = j; I & . I
5» p- P, STAR AK -K T
-0.5 — iEBE-VISHNU + EM-Field T oOnxt-x "% 1
(p, > 0.4 GeVic, p <2 GeV/c (p, > 0.2 GeV/c, p <1.6 GeV/c)
IR T S N ST TN SN NN T T SN NN S SR N | [ I R R T R N B B
0 20 40 60 80 O 20 40 60 80

Centrality (%) Centrality (%)

STAR, PRX 14, 011028 (2024)

» For protons and kaons: sign change in Av; in peripheral collisions
(Negative Av, consistent with Faraday+Coulomb dominates over Hall effect)

e Model iEBE-VISHNU + EM: ¢ ~ 0.023 fm~! (falls within a reasonable range)
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Charge dependent light quark directed flow

Expectation

Observation
;\? I I T T T | 1 1 1 | 1 I I | I I I I I I I I I I I I I I I I I I I I
E (a) Au+Au, 200 GeV (b) Ru+Ru and Zr+Zr, 200 GeV
= i
N~
- 0-5 B —
P
5 [ {h ch o {h
< i

-0.5 _— IEBE-VISHNU + EM-Field
(pT > 0.4 GeV/c, p<2 GeV/c

AK'-K _'
On*-n %:I {

(pT > 0.2 GeV/c, p < 1.6 GeV/c)

dP- vhydy

d(vP- vhydy

(c) observed

d(vP- vydy

central peripheral

0 20 40 60

Centrality (%)

80 0 20 40 60 80

Centrality (%)

STAR, PRX 14, 011028 (2024)

e For pions: Av, ~ 0 (large uncertainty)

 For protons and kaons: sign change in Ay, in peripheral collisions

(Negative Av, consistent with Faraday+Coulomb dominates over Hall effect)
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Light hadron dv1/dy: system size dependence

L] I | ] | | ] I L] L L] I
p; > 0.4 GeVic, p <2.0 GeVic
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s . 11* % . s A :
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P, > 0.2 GeVic, p < 1.6 GeVic

dv, /dy

pions & kaons: U+U ~ Au+Au ~ Isobar
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L] I L) L] L I L) L L] I I L] L] L) I L] L] L] I L] L] L] I L L] L] I I L L L] l L L] L] l | L] L) I n L] L I . protonsl U+U < Au+Au < ISObar
P> 0.4 GeVic, p < 2.0 GeVic

z’_ P, > 0.2 GeV/c, p < 1.6 GeV/c P, > 0.2 GeV/c, p < 1.6 GeV/c
anti-protons: U+U > Au+Au > Isobar

T K
"""""""""""""""""""""""""""""""""" +""""""_""""_"' °

—-0.005 |- *
7 N
® 193 GeV U+U
L. 4 200 GeV Au+Au
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Light hadron Adv4+/dy: system size dependence

A(dv1 /dy)

0.005F A 200 GeV Ru+Ru & Zr+Zr -+ 1 : + ]
§*
o

o--.f-l--.--I---l--l__i__*__.._#_#__!___*____l___t___?__i__ T it b

P
—-—
o=

-0.005 + T . + -
An=(n - ) AK = (K* - K) Ap=(p-P)
p,> 0.2 GeVic, p<1.6 GeVic p,> 0.2 GeVic, p<1.6 GeVic p,> 0.4 GeVic, p <2.0 GeVic
I I | I a1 I I | I L1 1 I I 1 1 I 1 1 I 11 1 I 1 1 I I L0 1 I L1 1 I 11 1 I 11 1 I
0 20 40 60 80 0 20 40 60 80 0 20 40 60 80
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* Interplay of baryon transport and electromagnetic field effects
across centralities

* Require proper modeling to understand the data

in different systems several factors to be considered:
strength and lifetime of EM-field

QGP lifetime and conductivity

transport
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Splitting in most-central collisions

® 193Gevu+u STAR Preliminary
B 200 GeV Au+Au / Can be related to baryon transport

Parida et al, 2305.08806

event-averaged eBy at t=0

2
b

(eB,)im

0 200 400 600 800 1000

Bloczynski et al, NPA 939, 85 (2015)



Light hadron Adv4+/dy: system size dependence
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Difference Av1: h+ - h-

pions & kaons: U+U ~ Au+Au ~ Isobar

protons: U+U < Au+Au < Isobar

Sum 2vq1: ht + h-

pions & kaons: U+U ~ Au+Au ~ Isobar
protons: U+U ~ Au+Au ~ Isobar
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Light hadron Advi/dy: beam energy dependence
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Light hadron v1(pTt): beam energy dependence

pions
X1°1_3 T T 1] I L) T 1] I L) T 1 L3 ]’ Ll
- 19.6 GeV Au+Au  STAR Preliminary -
ol =T ]
- -1<y<1
ol .
<>1 « .. t t [ ]

1.5
pT(GeV/c)

kaons
moi_s Ll T L3 I Ll T L] ‘[ T T L] T ]' 1]
- 19.6 GeV Au+Au STAR Preliminary -
KK 1
- -1<y<1
T S + )
=
¢ - "
¥
¥
- o 0-10% % M
" 10-40% +
"~ ¥ 40-80%
A A ' ' l A A L A 1 l '
0.5 1 1.5
pr(GeVIc)

10

Av

-10

protons
x10°
Ll T 1 T ] T 1 T 1 I Ll T L4 T I T L1 T 1 4 I’
 19.6 GeV Au+Au STAR Preliminary ~
PP 4 ]
" n t
- 1<y<1 & * + *
¢
%
""""" X
¥
¥
® 010% ¥
¥
" 10-40% T ¥
¥
¥ 40-80% n
P T T | 1 1 el
0 0.5 1 2
pT(GeV/c)

Peripheral collisions (40-80%):
Negative Av+ increases linearly with pr

Qualitatively Consistent with EM prediction
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Light hadron v1(pTt): beam energy dependence

pions kaons protons
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Initial baryon profile

Hydro with baryonic profile

Av1 from Hydro without EM field
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e Hydrodynamic model with a baryonic profile (without EM) can qualitatively capture proton Av+
e However, it can not explain negative Av+ for pions and kaons
([ J

Require modeling transport+EM to better understand Av;
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Light hadron Adv4/dy: using only produced quarks

Av+ measured using combination of transported-quark-free hadrons

Combination of particle with similar mass but different Ag and AS

Index Quark mass Aq AS Av; combination
1 Am =0 0 0 [ﬁ(ﬂﬂcj) + ¢(s3)] — [K_(’U,S) + 1_\(’17,&5)] ° StUdy Av+ as function of

Am ~ A(ads)] — [1Q- 2 p(aud
? m0 t ? [_(1_“{?) | [3? _(888) 1+_ 3_p_(1_md)] charge difference (Ag) and
3 Am =0 3 2 [A(uds)] — [K (us) + 3p(uud)] |
4 Am=0 2 6 [0 (559)] [0 (ss5)] strangeness difference (AS)
5 Am=0 T 4 [E'(dss) - [K (as) + 10 (sss)]

Sheikh et al, PRC 105, 014912, (2022)
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Light hadron Adv4/dy: using only produced quarks

* Avqis positive
e Avqincreases with Ag and AS

e Av1 increases with decrease in
beam energy

STAR, 2304.02831

New Proposals:
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2D fit to decompose the correlation between Ag and AS

Role of baryon transport, some cases with Ag, AS # 0 also have AB # 0
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Av1 consistent with dominance of
Hall effect over Faraday+coulomb in
mid-central collisions

Nayak et al PLB 849, 138479 (2024)
Parida et al, 2305.08806




Summary

e Background strong EM field rich in physics and interdisciplinary

(pre-condition for CME, QCD phase transition, chiral symmetry and many more)

* Measurement of charge dependent directed flow (Avi)
e Coulomb effect in asymmetric collisions (Cu+Au)
* For charm hadrons (early production) Hall effect is relevant
* For light hadrons: dominance of Faraday and coulomb in peripheral collisions

Imprints of electromagnetic field effects observed in HIC

e Constrain strength and lifetime of EM-field
* Provide knowledge of electrical conductivity of the QGP medium

* Provide information on transport mechanism

 More theory input is needed to understand system-size and energy dependence of Avi
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Outlook-I: Polarization difference P, — Pj

forward-going
beam fragment

Global spin polarization:
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From precise BES-II data:

* Upper limit on late-stage B-field:
e B<94x10”Tat19.6 GeVandB < 1.4 x 101> T at 19.6 GeV

e Polarization of hyperons with different magnetic moments (A, Z, €2)
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N(eB)/N(eB

Outlook-Il: Neutral and charged vector mesons
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Kun et al, PLB 809, 135706 (2020)

o Under B-field, one expect Npi > Npo from Landau level splitting (isospin violation)

er (p) = pZ + (2n — 2 sign(g)s, + 1) |gB| + m*

e KT K0 - easier reconstruction, negligible feed down effect

e Yield and ratios (K ~/K ") can be useful in late-stage B-field and possibility of many
associated phenomenon (landau splitting, vector meson condensation ....)

KV K727, K+ > Kgﬂi

Ks): py ~ —0.97, uo ~ 0.61y Stay tuned till upcoming Quark Matter

K“(ui) LUy R 185, U R 061/4]\/ 35




Thank you for your attention

Many thanks to STAR colleagues for discussion
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QCD phase diagram and RHIC Beam Energy Scan

Conjectured QCD Phase diagram
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most precise data to map the QCD phase diagram

e Find signatures of Phase Transition
e QCD Ciritical point
e Turn-off of QGP signatures
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Directed flow from BES-I

BES-I STAR: PRL 112, 162301 (2014)
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At 1storder phase transition, pressure drops as speed of sound goes to zero

Y. Nara et al, PLB 769, 543-548 (2017)

Features qualitatively resemble the model
prediction with 1st order phase transition
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